Recent studies on microsatellite stability in yeast show that, as the repeat array of a microsatellite grows, its mutation rate increases and spectrum of mutations changes; these effects have important consequences for the evolution of microsatellites in genomes.
In 1989, the world started to look much brighter for genome mappers and behavioral ecologists: the polymerase chain reaction (PCR) and a type of sequence known as a microsatellite were brought together in the development of potentially powerful new methods for mapping genomes. Microsatellites seemed to have almost all the features required by those seeking a simple molecular way of tracking regions of the genome -they are abundant, codominant, distributed over the euchromatic part of the genome and highly polymorphic. At that time, there was no need to know more about the nature of the mutational processes underlying microsatellite variability; it was sufficient to know that microsatellites are stable over a couple of generations. In the subsequent years, microsatellites have significantly influenced both genome mapping and behavioral ecology. The impact of microsatellite analysis on contempory biology is vividly illustrated by the steadily growing number of genes that have been mapped, cloned and characterized by genetic maps based on microsatellites.
The reason why microsatellites are special becomes obvious with a brief look at a sequencing gel. While other sequences generally produce a scrambled pattern on such a gel, microsatellites are quickly identified by their simple structure. Microsatellites have a simple internal repeat structure, with repeat units in the range 1-5 bp The prototype of a microsatellite has just a single type of repeat, such as (CA) n . Microsatellite variability results from either the gain or loss of repeat units. This difference in repeat number can rapidly be identified by the PCR, using as primers sequences that flank the microsatellite.
The predominant mutation type underlying microsatellite variability occurs by a process known as DNA slippage. The current model of DNA slippage assumes that, during DNA synthesis, the elongating strand misaligns in the microsatellite region; when DNA synthesis continues at the misaligned strand, the gain or loss of microsatellite repeats on the synthesized strand leads to a loop structure. In vitro studies have shown that this out-of-register pairing is an intrinsic property of microsatellite sequences and occurs at high frequencies. In vivo, however, the mismatch repair system recognizes and removes most of these loops. Observed microsatellite mutation rates are thus the result of the interplay of DNA slippage and the mismatch repair system, which counteracts DNA slippage during DNA synthesis.
Interest in the evolution of microsatellites has been fired by the discovery that at least one class of microsatellites is involved in some human genetic neurological disorders. A number of such disorders, for example fragile-X syndrome and myotonic dystrophy, have a common basis in the expansion of a trinucleotide microsatellite -'triplet repeat' -either in or close to the the defective gene. A good understanding of the mutational processes that affect microsatellites is also needed to maximise the usefulness of these simple sequences in population genetics and phylogenetic reconstruction. But as more and more data become available, it is becoming clear that accounting for the observed microsatellite variability is a more complex problem than initially assumed.
In vitro studies have shown that the rate of slippage during the replication of simple DNA sequences is dependent on the nature of the repeat sequence [1] . Longer and GC-rich repeats tend to have a lower slippage rate. Comparisons of in vivo mutation rates as a function of repeat length, however, have produced contrasting results. Whereas one study demonstrated that tetranucleotide repeats have a higher mutation rate than dinucleotide repeats [2] , a survey of microsatellite variability in natural populations found a higher mutation rate for dinucleotide repeats [3] . Charkraborty et al. [3] argue that only some tetranucleotide repeat loci have a high mutation rate, while the others do not. My colleagues and I have investigated further the variation in microsatellite mutation rates. We compared the variances of 15 microsatellite loci in two closely related Drosophila species, D. melanogaster and D. simulans, and found that the observed differences in microsatellite mutation rates are conserved across species. Thus, at present it seems unrealistic to assume that all microsatellite loci evolve in a similar fashion. Analysis of many loci will be required, if average mutation rates should be applied.
Wierdl et al. [5] have recently taken the problem of microsatellite evolution even further. They shifted their attention from locus-specific mutation rates to the issue of whether microsatellites have an allele-specific mutation rate. They used an elegant experimental system in yeast [6] that allowed them to survey many microsatellite mutations, rather than counting very few germline mutations or drawing inferences from microsatellite variation in natural populations.
The system used by Wierdl et al. [5] involved yeast cells carrying plasmids in which a sequence encoding a fusion protein with URA3 activity is disrupted by an in-frame insertion of the microsatellite. Yeast cells with this plasmid have a Ura + phenotype and are sensitive to the drug 5-fluoro-orotate (5FOA). Microsatellite mutations destroy the reading frame and make the cells insensitive to 5FOA. Microsatellite mutation rates can thus be measured by comparing the number of colonies growing on plates with and without 5FOA. Identical plasmids which differed only in the lengths of their GT tracts -15, 33, 51, 99 or 105 bp -were tested in yeast strains with or without (msh2) functional mismatch repair.
Consistent with previous results, Wierdl et al. [5] found that the mutation rate was 100-200-fold higher in the msh2 strain, indicating the importance of mismatch repair in removing the products of DNA slippage. The important observation was that both strains showed an increase in microsatellite instability with the length of the GT tract. Apparently, primary DNA slippage is more likely to occur in longer microsatellites stretches than in shorter ones. Most interestingly, the increase in microsatellite instability is not just a linear function of microsatellite length; although the 105 bp microsatellite is only about seven times larger than the 15 bp tract, it has a 500-fold higher mutation rate. By demonstrating that the higher mutation rate of longer microsatellites is observed in yeast strains with and without a functional mismatch repair system, it can be ruled out that decreased mismatch repair efficiency with longer GT tracts is responsible for this result.
The picture of microsatellite evolution becomes even more complex when the mutation spectra are compared between alleles with different repeat numbers. Wierdl et al. [5] made two important observations. First, microsatellites of length 51 bp or more had a significant tendency towards longer deletions. Second, a dramatic shift in the distribution of single repeat changes was also observed. Despite an overall excess of gains of single repeat units, short microsatellites (33 bp) had a significant fraction of single repeat unit losses. Longer repeats, however, had only a few (51 bp microsatellite) or no (99 or 105 bp microsatellite) single repeat losses, and a large number of single repeat gains. Hence, the authors demonstrated not only an allele-specific mutation rate for microsatellite loci, but also that the mutation spectrum differs between alleles. One trend observed by Wierdl et al. [5] has been independently confirmed. Recently, a highly polymorphic microsatellite with many repeats has been studied in swallows, and the authors observed an addition of a single repeat unit about three times as frequently as the loss of single repeat units [7] . In contrast to the yeast study, no large deletions -more than three repeats in lengthwere observed in the swallow study
The experiments of Wierdl et al. [5] demonstrate that the mutational behavior of microsatellites may prevent unlimited growth of the array. As microsatellites grow longer, they become less stable and have a higher tendency to lose several repeat units (Table 1) . This fits the observation that the differences in average allele size between microsatellites in humans and chimpanzees are too small to be explained without a size constraint [8, 9] . Interestingly, the results in yeast imply that this constraint is not imposed by selection, rather than by the intrinsic (neutral) mutational behavior of microsatellites.
In summary, there is a good body of evidence showing that microsatellite evolution is not as simple as the synonym for microsatellites -simple sequences -might suggest. Microsatellite mutation rates differ between repeat types, between loci of the same repeat type and even between alleles. As in the case of DNA sequences, it has been once more demonstrated that molecular evolution is not a simplistic process and good models of the evolutionary processes are needed to fully exploit the potential of molecular markers. Table 1 Mutation spectrum as a function of microsatellite length.
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